Abstract-Mobilization of pesticides into surface waters of flooded agricultural landscapes following extreme precipitation events has not been previously investigated. After receiving 96 mm of rain in the previous 45 d, the Vanguard area of southeastern Saskatchewan, Canada, was subjected to a torrential storm on July 3, 2000, that produced as much as 375 mm of rain in 8 h. The majority of herbicides, but no insecticides, would have been applied to crops in the Vanguard area during the four weeks preceding the storm. After the storm, 19 herbicides and insecticides were detected in flooded wetlands, with 14 of them detected in 50% or more of wetlands. Average concentrations ranged from 0.43 ng/L (endosulfan) to 362 ng/L (2,4-dichlorophenoxyacedic acid). The pesticides probably were from long-range transport, followed by deposition in rain, and from herbicides applied to crops within the area subjected to the storm (1,700 km 2 ). In the following year, when only 62 mm of rain fell in the same 45 d, only five pesticides were detected in 50% or more of wetlands. We estimated that for the 1,700-km 2 storm zone, 278 kg of herbicide were mobilized into rain and by runoff into surface waters, and 105 kg were removed from the Vanguard area by discharge into Notukeu Creek. Significant quantities of herbicides are mobilized to aquatic environments when prairie agricultural landscapes are subjected to torrential storms. In these circumstances, flooded wells and small municipal reservoirs used as sources of drinking water may be compromised by 10 or more pesticides, some at relatively high concentrations.
INTRODUCTION
Pesticide concentrations in surface waters following extreme precipitation events have not been previously documented. Moreover, somewhat conflicting views exist regarding the levels of pesticides that might be expected in surface waters after these events. High concentrations of pesticides in rain are often associated with light precipitation [1] [2] [3] . Moreover, pesticide concentrations are highest at the beginning of rainfall events, with the lowest concentrations occurring toward the end of the event [4] . These studies suggest that rain associated with extreme precipitation events would have relatively low pesticide concentrations. Furthermore, the large volume of water associated with high precipitation may further dilute, in runoff, the pesticides dissolved from the soil of fields. However, Kimbrough and Litke [5] have shown that after heavy rainfall, pesticide concentrations in a small stream were elevated relative to lesser precipitation events. Furthermore, Donald et al. [6] have shown that high concentrations of certain pesticides in northern prairie wetlands were associated with approximately 100 mm of rain in the previous 15 d. To resolve these apparently conflicting results, we determined pesticide concentrations and fate in surface waters on an agricultural landscape subjected to an extreme precipitation event.
During the evening of July 3, 2000, the area around Vanguard (SK, Canada) received as much as 375 mm of precipitation from an intense and persistent thunderstorm (Fig. 1) . During the previous four weeks, herbicides, but not insecticides, had been applied to crops in the storm zone [7] . The area subjected to more than 100 mm of rain was 1,700 km 2 , * To whom correspondence may be addressed (david.donald@ec.gc.ca).
providing a definition for the storm zone [8] . Of the 353 million m 3 of rain deposited in the storm zone, only 38% was discharged into Notukeu Creek. The remaining rainfall was retained in the soil or in wetlands on this low-relief landscape.
The storm produced the largest 8-h precipitation event to occur at Vanguard and for all of the Canadian prairies. This single precipitation event exceeded the average annual precipitation of 360 mm for Vanguard, which includes both rainwater and snow-water equivalent. The Vanguard storm not only was characterized by large volumes of rain but also by severe lightning (389 strokes/h at the peak of the storm), hail, a radar-determined maximum storm height of 15 km, and rainfall rates of between 200 and 300 mm/h.
The Vanguard storm was centered over a relatively sparsely populated area. Nevertheless, by the time the rain ended that evening, homes and farm buildings both in and near Vanguard had been inundated, roads and rail lines had been washed out, and Notukeu Creek and its tributaries had overtopped their banks. Wells used for drinking water were overtopped by the flood, contaminating their groundwater sources with microbes, chemicals, and silt. Contaminated groundwater used for drinking may be a pesticide exposure pathway to humans [9] .
METHODS AND MATERIALS

Study area
The Vanguard region is located in the mixed grassland ecoregion. This ecoregion represents the driest area of the province of Saskatchewan, Canada. Approximately half the ecoregion is cultivated, with the remainder being used for grazing of livestock on native or introduced grasses. Elevation of the landscape in the storm zone ranges from 720 to 765 m /s, with no flow from November to February. Dryland farming dominates the landscape of much of southern Saskatchewan, including the Vanguard area. The principal crops grown, in order of acreage seeded, are spring wheat (Triticum aestivum L.), durum (T. durum Desf.), barley (Hordeum vulgare L.), canola (Brassica napus L.), and pulse crops, such as lentils (Phaseolus sp.) and peas (Pisum sativum). Seventy-eight percent of all crops are wheat, including durum. Herbicides are usually applied to these crops from late May to the first week of July [7] . One to four herbicides are applied in a single application, depending on the weed species present and the commercial herbicide formulations recommended for their control.
Pesticide analyses
Rain. Herbicide concentrations were measured in three 15-d samples of rainwater collected before the Vanguard storm on a farm near Neville (SK, Canada) from May 20 to June 30, 2000 (Fig. 1) . A forth sample was collected on July 9, after the storm, from rain that fell from July 1 to July 5. Rainfall samples were collected using two identical funnels (inner diameter, 25 cm) set up 60 cm above the ground over 4-L amber bottles (a 10-mm rainfall yielded a 500-ml sample in each collection bottle). The total volume of rain collected varied from 2,150 to 4,320 ml. The quantity of rain during July was not precisely determined, because the event of July 3 caused the collecting bottles to overflow after 84.9 mm of rain. The Environment Canada precipitation network in the Vanguard area suggested that approximately 20 mm of rain fell at Neville (Fig. 1 ) on July 1, less than 100 mm during the Vanguard storm of July 3, and 14 mm on July 5. These precipitation data suggest that most of the water from the Neville rainwater sample of July 9 originated from the Vanguard storm, but the precise amount cannot be determined because of complex interactions between overflow and mixing of the three independent precipitation events in the sample bottles. However, using the precipitation values from the three events (20, 100, and 14 mm), the amount remaining in the rain sampler was calculated with three different scenarios (well-mixed outflow, unmixed spillage, and a 50% mix of unmixed spillage and wellmixed outflow). The amount of rain from July 3 remaining in the sampler ranged from 60 mm (well-mixed overflow) to 65 mm (unmixed spillage). It seems reasonable to assume that 60 to 65 mm (ϳ75%) of the 85 mm of rain collected in the bottles were from the rain event of July 3.
Rain samples were shipped to the Lethbridge Research Centre (Lethbridge, AB, Canada) and analyzed for 2,4-dichlorophenoxyacedic acid (2,4-D), bromoxynil, dicamba, dichlorprop, diclofop, fenoxaprop, 4-chloro-2-methylphenoxyacedic acid (MCPA), triallate, and trifluralin using methodology adapted from that described by Bruns et al. [10] . Analysis was not conducted for insecticides. Briefly, between 1,700 and 1,850 ml of the total sample of rain collected were acidified to pH 2, then extracted by serial liquid-liquid partitioning into dichloromethane. The three extractions with 100, 100, and 50 ml of dichloromethane were combined. The extracts were then dried with acidified Na 2 SO 4 , concentrated, methylated using diazomethane [11] , transferred to hexane (final volume, 10 ml), and analyzed by gas chromatography (GC) with a mass-selective detector method (injection volume, 2 l) with ion-ratio confirmation. The ratio of the four fragment ions to each other was determined for each detection and compared with the ratio of those ions in a standard, and only those with Q values Ͼ 80% of expected were accepted as positive herbicide detections (Q ϭ a Hewlett-Packard [Avondale, PA, USA]-calculated confidence level where ratios must be at least 80% of expected). Detections were quantified using a six-point standard curve derived from external standards injected alternately with unknown samples. The quantification limit (QL) was dependent on sample volume and was 14 ng/L for the rain sample of July 9 except for triallate, which was 10.7 ng/L. Detections below the QL were reported as not detected.
Method recoveries were estimated from water samples fortified at low (0.09 ppb, except for 0.30 ppb for fenoxaprop) and high (4.4 ppb, except for 14.8 ppb for fenoxaprop) concentrations. Fortified samples (n ϭ 9) and method blanks were analyzed with each set of unknown samples. Recoveries were 95 to 104% (standard deviation, 3-8%) at the low concentrations and 98-106% (standard deviation, 1-6%) at the high concentrations. Herbicide detections in the rainfall samples were not adjusted for method-recovery losses.
Herbicide stability in the collection bottles was also checked by placing fortified (0.24-8.1 ppb) water samples outdoors for a one-or two-week period. Most herbicides were stable (recovery, 99-109%). However, triallate (recovery, 2-11%) and trifluralin (recovery, 0%) were unstable. Thus, the rainfall collection method was not quantitatively valid for triallate and trifluralin, because samples were obtained from Neville up to 14 d after rainfall events.
Wetlands. Water was collected from wetlands and a small, stock-watering reservoir at a depth of 30 cm. Samples were collected for each wetland in three 1-L, precleaned glass bottles by wading out into the wetlands. Samples were kept cool and were transported and stored in the dark. Acid herbicide samples (dicamba, MCPA, dichlorprop, 2,3,6-trichlorobenzoic acid [TBA], 2,4-D, bromoxynil, 2,4,5-trichlorophenoxyacetic acid, 4-(4-chloro-2-methyl-phenoxy)butyric acid [MCPB], 4-2,4-dichlorophenoxybutyric acid [2, , and picloram) were preserved with 5 ml of concentrated sulfuric acid. Concentrations of herbicides and insecticides were determined from unfiltered water at the National Laboratory for Environmental Testing (Burlington, ON, Canada). Separate 1-L acid herbicide and 1-L organochlorine insecticide samples were analyzed by GC with a dual capillary column electron-capture detector. The 1-L neutral herbicide samples (simazine, desethylsimazine, atrazine, desethylatrazine, trifluralin, triallate, metribuzin, and diclofop-methyl) were initially analyzed by dual capillary column GC electron-capture detector and nitrogen-phosphorus detector. The calibration standards were prepared in-house at the picogram-per-microliter level, and an external calculation method was used. A single-point calibration was established, and the calibration table was updated every five injections. Water samples analyzed for phenoxy acid herbicides were first extracted with dichloromethane under acidic conditions (pH ϳ2), and residue was derivatized to the corresponding pentafluorobenzyl ester. Clean-up and fractionation were achieved on a 5% deactivated silica gel column. Neutral herbicides were extracted with dichloromethane, fractionated on 10% deactivated florisil, and concentrated before analysis. Unlike rain, Pesticides in wetlands on a flooded agricultural landscape Environ. Toxicol. Chem. 24, 2005 5 the integrity of triallate and trifluralin in wetland samples was maintained, because the samples were sealed from the atmosphere in glass bottles at the time of collection. Organochlorine pesticide residues were extracted from 1-L water samples with dichloromethane at a ratio of 200 ml of dichloromethane to 1 L of water, and the extract was concentrated. This sample was then chromatographed on a 3% deactivated silica gel column for sample clean-up. The eluates were concentrated using a rotary evaporator to a final volume of 1.0 ml, which was then injected into a dual column GC electron-capture detector. The identified compounds were compared and quantified against the calibration standards. Water samples were spiked in the laboratory with surrogate chemicals, and the recoveries were determined for each sample. Mean percentage recovery was 98% (range, 81-110%) for the surrogate 1,2,4,5-tetrabromobenzene (2,4,5-T), 100% (range, 79-112%) for ␦-hexachlorocyclohexane, 116% (range, 91-125%) for the endrin ketone, and 75% (range, 38-94%) for 2,3-dichlorophenoxyacedic acid (2,3-D). Recoveries of these surrogate chemicals were within an acceptable range in all but an acid herbicide sample from a flooded wetland (38% recovery of 2,3-D). Therefore, corrections to concentrations were not made. The analytical limits for pesticides in water from wetlands are presented in Table 1 . Quantification limits for herbicides in rain (14 ng/L) were similar to limits in wetland water (7.6-50.0 ng/L). The QL was as much as 10-fold greater than the lowest possible detection. At these low levels, precise concentrations of pesticides could not be determined, although the values assigned to those concentrations less than the QL were probably within the correct order of magnitude. When a pesticide was detected in 50% or more of the wetlands in the year 2000 or 2001, mean concentration was determined for the wetlands. For statistical calculations, censored and nonedetected values were assigned a concentration of 50% of the lowest possible measurement value, 50% of the lowest estimated concentration, or a combination of both.
General patterns of pesticide use for individual U.S. states and the province of Saskatchewan during the early 1990s were assembled from an Internet source (http://ncfap.org/pesticid2. htm) and unpublished pesticide use data for Saskatchewan (Environment Canada, Ottawa, ON, unpublished data). More recent data are not available for Saskatchewan. These data provide general relative use patterns for individual pesticides along the air-parcel back-trajectories for the air entrained into the Vanguard storm [8] and, thereby, identify potential source areas for pesticides detected in rain and in wetlands.
RESULTS
Pesticides in rain
During the May-to-June, 42-d period, a total sample of 5.4 L of rain was collected from 95.7 mm of rain. Diclofop, fenoxaprop, and dichlorprop were each detected once at 22.1, 142.7, and 37.3 ng/L, respectively. Dicamba, MCPA, bromoxynil, and 2,4-D were detected in all three samples; mean concentration in rain for these four herbicides in the three rain samples was 562, 457, 519, and 1081 ng/L, respectively. Triallate and trifluralin were not detected in these samples.
Based on the concentrations of the four herbicides detected in all three rain samples collected from May 20 to June 30, we determined direct flux of these herbicides to wetlands before the Vanguard storm. Total flux of dicamba to the Vanguard environment in a total of 96 mm of rain over these 42 d was 66
. In a typical small wetland with a mean depth of 50 cm, and assuming no loss from revolatilization, the calculated concentration of dicamba from deposition in rain would only be approximately 134 ng/L (66.8 g diluted in 500 L of water). Similarly, levels of MCPA, bromoxynil, and 2,4-D in this typical wetland would be approximately 71, 67, and 133 ng/L, respectively. Five herbicides frequently used in Saskatchewan (dicamba, MPCA, dichlorprop, bromoxynil, and triallate) were detected in the rainwater sample for July 9 from Neville at concentrations ranging from 10.7 ng/L for triallate to 464.7 ng/L for 2,4-D (Table 1) . Atrazine, diclofop, trifluralin, MCPB, and picloram were not detected in rain.
Pesticides in wetlands
An average of 14.4 pesticides were detected in the 10 wetlands situated near the center of the storm (Fig. 1) . Nineteen individual pesticides were detected. Total precipitation from May 20 to July 3 was approximately 390 to 465 mm of rain where the water samples were collected. Water in the wetlands would be representative of landscape runoff from unusually high precipitation. In Saskatchewan, wetland contributing catchments are typically 5-to 100-fold their area [12; unpublished data] .
Twelve herbicides were detected in the 10 wetlands ( Fig.  1 and Table 1 ). For the herbicides that were detected in 50% or more of samples, mean concentrations ranged from 5.6 ng/ L for 2,3,6-TBA to 362.1 ng/L for 2,4-D. Concentrations of some of these herbicides were similar to their concentrations in rain (Table 1) . For example, the concentration of MCPA was 136 ng/L in rain and 181 ng/L in wetlands, and that of 2,4-D was 464 ng/L in rain and 362 ng/L in wetlands. The concentration of dichlorprop, however, was ninefold greater in rain (131 ng/L) than it was in wetlands (15 ng/L). The herbicides 2,3,6-TBA, metribuzin, 2,4,5-T, and picloram were also detected. These chemicals are not used on crops in Saskatchewan.
Five organochlorine insecticides and an industrial chemical (hexachlorobenzene) were detected in the 10 Vanguard wetlands (␣-hexachlorocyclohexane [␣-HCH], lindane or ␥-hexachlorocyclohexane, heptachlor epoxide, ␣-and ␤-endosulfan, and dieldrin) ( Table 1) . For the insecticides, mean concentrations ranged from 0.18 ng/L for ␤-endosulfan to 6.9 ng/L for lindane.
In logarithmic space, concentrations of the 14 frequently detected pesticides (present in Ͼ50% of samples) were directly related to their solubility in water at 20 to 25ЊC (r ϭ 0.66, p Ͻ 0.05, Fig. 2 ), solubility from [13, 14] .
On July 5, 2001 , one year after the Vanguard storm, five pesticides (lindane, 2,4-D, MCPA, dichlorprop, and dicamba) were detected in 50% or more of five of the same wetlands that were sampled the previous year. Lindane was detected at significantly lower concentrations than in the previous year (Student's t ϭ 7.29, p Ͻ 0.01, df ϭ 13). Pesticide concentrations in 2001 were probably less than concentrations in 2000 for triallate, bromoxynil, trifluralin, MCPB, 2,3,6-TBA, dieldrin, heptachlor, ␣-HCH, ␣-endosulfan, and ␤-endosulfan. 
DISCUSSION
Mobilization of pesticides into wetlands
Pesticides are mobilized by sorption from the atmosphere into rain, by being dissolved from agricultural soils into raingenerated runoff, or by transport on suspended sediments in runoff. At Vanguard, all these pesticide transport pathways to wetlands were probably important.
Four herbicides (2,4-D, dicamba, MCPA, and bromoxynil) were detected in all the rain samples collected during May and June 2000. These herbicides are frequently detected in rain samples in North America and Europe [3, 15, 16] . The calculations of flux of herbicides in rain to wetlands during May and June are instructive, because they show that before the wetlands in the Vanguard area were overwhelmed by rain and by runoff from their catchments, they probably would have had significant concentrations of at least dicamba, 2,4-D, MCPA, and bromoxynil at concentrations ranging from approximately 67 to 134 ng/L. One year after the storm, three of these four herbicides certainly remained at relatively high concentrations in Vanguard wetlands (mean, 65-535 ng/L).
A major source of some herbicides detected in wetlands (e.g., MCPA, 2,4-D, and dicamba) was probably rain rather than herbicide dissolved into runoff from flooded agricultural soils. This is evident from the calculations of the flux of herbicides from rain to wetlands before the storm, the concentrations of herbicides in rain collected near the storm in July 2000, and the herbicide concentrations in wetlands one year after the storm in 2001 (Table 1) . For example, the calculated concentration of MCPA was 71 ng/L in wetlands before the storm, 137 ng/L in rain from the storm, and 91 ng/L (mean concentration) in wetlands a year after the storm. The mean concentration in wetlands 3 d after the flood was not much greater than the above-described values (182 ng/L). Most of the broad-leaf weed herbicide in the Vanguard wetlands may have originated from the atmosphere, with a contribution from terrestrial sources mobilized in runoff. However, this conclusion needs to be accepted with some caution, because it is not certain that concentrations of pesticides in less than 100 mm of rain at Neville on July 1 were similar to concentrations in 375 mm of rain 25 km to the east at Vanguard on the same day.
Rain could also be a source for the organochlorine insecticides detected at Vanguard. The organochlorine insecticides dieldrin, ␣-HCH, and heptachlor are not used in Canada or in the United States [17] . All, however, are commonly detected in rainwater samples throughout Canada and the globe [18] [19] [20] . In 1984, the mean concentration of ␣-HCH and heptachlor epoxide in rain from northern Saskatchewan was 6.5 and 0.38 ng/L, respectively [18] , suggesting that rain could be a source of these chemicals. The original source for dieldrin may be Central America, where atmospheric concentrations are high and it may still be used [21] . In southern Saskatchewan, heptachlor and dieldrin, but not ␣-HCH, were present in agricultural soils at the detection limit (1 g/kg) in some samples, suggesting that some of these low-soluble insecticides could also have been dissolved from soils into runoff. The maximum concentration of dieldrin and heptachlor epoxide in five samples from agricultural soils collected in July 2001 in southeastern Saskatchewan was 5.0 and 9.0 g/kg, respectively (D.T. Waite, Regina, SK, Canada, personal communication).
In summary, atmospheric transport with deposition in rain was probably an important source for some of the pesticides detected at Vanguard. This was evident from the similarity in the concentrations of some herbicides in rain and in wetlands and from the detection of pesticides not used in Saskatchewan. The discrepancy between detection patterns on the landscape (standard deviation often less than the mean) and herbicide application patterns also suggests an atmospheric origin for some chemicals. Farmers typically apply one to four herbicides to their crops each spring, yet an average of 8.4 herbicides were detected in the 10 wetlands. Atmospheric transport is known to be an important pathway of herbicides to wetlands on the Canadian plains. For example, Donald et al. [7] found unexpectedly high concentrations of herbicides, such as 2,4-D and MCPA, in wetlands on landscapes where herbicides were not used and could not have reached the wetlands in runoff from farms that use herbicides. The authors inferred in that published study that herbicides detected in wetlands must have originated from the atmosphere.
At Vanguard, some herbicide was probably mobilized from agricultural soils during the flood. Triallate and trifluralin were either not detected in rain or were at low concentration, and with one exception, they were not detected in wetlands a year after the storm. These herbicides are less soluble than the commonly used broad-leaf herbicides, and they are seldom detected in precipitation at high concentrations elsewhere (Ta- ble 1) [22] . Triallate and trifluralin were detected in wholeunfiltered water samples from the Vanguard wetlands at relatively low concentrations. They were probably transported to the wetlands in runoff, perhaps bound to suspended sediment. In lake sediments in Saskatchewan, triallate was detected in 39% of samples at concentrations of approximately 10 g/kg.
Triallate was not detected in water above the sediments at concentrations at least 1,000-fold lower (Ͻ0.01 g/L). This suggests that suspended sediments (and agricultural soils) mobilized during the flood may be an important source of triallate in flooded wetlands. Similarly, trifluralin is often associated with suspended sediments in runoff [23] .
Pesticide concentrations in wetlands were related to their solubility in water (Fig. 2 ). This intriguing relationship may be a fundamental characteristic of extreme precipitation events. The correlation coefficient was 0.66 (p Ͻ 0.05), suggesting that 44% of all mean differences in concentration were simply related to their solubility in water. This is surprising given that the 14 pesticides include locally used and recently applied herbicides, pesticides used elsewhere on the continent (endosulfan and 2,4,6-TBA), banned insecticides (dieldrin and heptachlor), and one insecticide not used on the continent (␣-HCH).
Concentrations of pesticides in surface waters
Torrential storms on prairie agricultural landscapes do not dilute pesticides to low environmental levels in surface waters. The number of pesticides detected at Vanguard and, often, their concentrations were greater than has been reported in other studies of pesticides in surface waters on the Canadian plains. In a more typical spring at Vanguard (year 2001), only five pesticides were frequently detected, compared with 14 in the year of the storm. Mean concentrations of four of the five pesticides were similar to storm concentrations; none were at higher concentrations. In prairie lakes in Saskatchewan, mean concentration of ␣-HCH in water was greater than the concentration recorded after the Vanguard storm, but mean concentrations of lindane and six other herbicides were less [24] . In wetlands on farms with minimal tillage and high chemical use, MCPA and dichlorprop concentrations in water were greater than concentrations reported at Vanguard, but mean concentrations of five other herbicides were less [7] . At Vanguard, mean concentrations of bromoxynil, 2,4-D, dichlorprop, MCPA, triallate, and trifluralin were substantially higher than mean concentrations reported for the Red River in Manitoba (Canada) and seven of its smaller tributaries [25] . Mean triallate concentration was higher in a wetland studied by Waite et al. [26] than at Vanguard, but mean concentrations of dicamba, 2,4-D, and bromoxynil were less. However, irrigation return-flow water in a drainage ditch had higher mean concentrations of 2,4-D, bromoxynil, and diclofop than were recorded at Vanguard [13] .
Pesticide sources
Five-day, 6-h back-trajectories show that the moist air conveyed into the Vanguard storm was at or near ground level in Saskatchewan (Canada) and in North Dakota, South Dakota, Kansas, Nebraska, and Texas (all USA) before the storm [8] . These jurisdictions were probably important sources for some of the volatile pesticides detected at Vanguard, because moist air conveyed into the storm originated from all these regions (Fig. 3) [8] . However, it is assumed that once pesticides were entrained in air over Texas and more northern states, they were not degraded significantly until deposition at Vanguard days later. The relatively volatile herbicides (dicamba, MCPA, and 2,4-D) were used extensively by all central North American jurisdictions. Given their wide use along the back-trajectories, it is not surprising that these chemicals were usually detected in rain and in wetlands. Thus, sources of these herbicides could include both long-range atmospheric transport from other agricultural areas and washout from soils in the Vanguard after application of these herbicides in May and June to nearby crops. These herbicides are generally used to control broadleaf weeds in small grain crops. Saskatchewan had the highest relative use of 2,4-D (Fig. 3) . Use of MCPA increased from south to north, with the highest quantity being applied in Saskatchewan. The herbicide 2,3,6-TBA is not used in Saskatchewan and probably originated from elsewhere on the continent.
Triallate and trifluralin are also used in jurisdictions along back-trajectories, with most of the use occurring in more northern regions (Fig. 3) . In Saskatchewan, triallate and trifluralin are mostly applied in a granular form and are incorporated into the soil during tillage. They are used mainly to control wild oats in small grain crops. An important source of these herbicides in the Vanguard wetlands was probably from nearby treated fields.
The insecticide endosulfan is used extensively on vegetable and fruit crops in the United States [27] . The state with the highest use on back-trajectories was Texas, which may have Pesticides in wetlands on a flooded agricultural landscape Environ. Toxicol. Chem. 24, 2005 9 been an important source for the endosulfan detected at Vanguard. Endosulfan is not used in Saskatchewan (Fig. 3) . Saskatchewan had the highest use of lindane (Fig. 3) , where it was primarily applied as a seed treatment to canola for protection against feeding on the emerging shoot by flea beetles. Lindane is frequently detected in surface waters in western Canada [28, 29] . Of the insecticides, lindane had the highest mean concentration in wetlands (6.9 ng/L). The source of this chemical was probably both from atmospheric transport and from local use. Canola is grown in the Vanguard area, where it represents approximately 2% of the land in crop. The principal canola zone in Saskatchewan is north of Vanguard. Lindane was also used to control insects on pecans in Texas.
Mobilization of pesticides on the landscape
We calculated that approximately 278 kg of herbicide and 3.5 kg of insecticide were mobilized into surface waters during the Vanguard storm. This includes pesticides that were deposited on the landscape directly in rain as well as those dissolved from soils in runoff. For example, the total of 353 million m 3 of rain that fell during the storm mobilized 128 kg of 2,4-D (353 million m 3 ϫ 362.1 ng/L). These estimates were based on a storm zone of 1,700 km 2 that received more than 100 mm of rain and assumed no substantial infiltration (loss) of rainwater into soils or groundwater. In fact, with approximately 96 mm of rain in the Vanguard area during the previous 42 d, infiltration was probably minimal.
We also calculated that approximately 38%, or approximately 105 kg of herbicide and 1.3 kg of insecticide, were removed from the Vanguard zone by discharge to Notukeu Creek and its northern tributary during July (Fig. 1) . Because pesticide concentrations were not determined for water from Notukeu Creek, the calculation of pesticide flux was based on an estimate of 134 million m 3 of rain discharge to Notukeu Creek after the storm [8] . Flux of pesticides from the storm zone assumes that mean concentration in water discharged from wetlands would have been representative of the average concentration of pesticides discharged to Notukeu Creek and that only 38% of storm rainfall flowed from the landscape to the creek.
During the Vanguard storm, several wells used as a source of drinking water were compromised by infiltration of surface water from the flooded landscape. We did not measure pesticide concentrations in flooded wells. However, concentrations of the pesticides in surface waters (wetlands) were usually 100-fold less than guideline values established to protect drinking-water supplies [30] . In Canada, drinking-water guidelines have not been established for mixtures of two or more pesticides-and certainly not for mixtures of 14 or more pesticides. Future research on extreme precipitation events in the Great Plains should include assessments of pesticide concentrations in drinking-water supplies.
Individual pesticide concentrations did exceed guidelines established to protect aquatic life in two wetlands. However, it is not certain that the mixture of pesticides detected at Vanguard affected aquatic life. Lindane exceeded the guideline of 10 ng/L for protection of aquatic life in one wetland (10.6 ng/ L), and dieldrin exceeded the guideline of 4 ng/L in one wetland (4.49 ng/L) [14] . For the organochlorine insecticides, guidelines in tissue rather than water are recommended, because these chemicals usually are not detected in water [30] . The 7-d no-observed-effect concentration was 51 g/L for Ceriodaphnia dubia subjected to a complex mixture of pesticides typically present in surface waters in Saskatchewan [31] . This value was well above the highest total concentration of pesticides that was detected in the wetlands (1.6 g/L). Additional research is needed to determine if the complex mixture of pesticides detected at Vanguard had an adverse effect on sensitive aquatic species that inhabit wetlands.
Our results indicate that torrential storms mobilize high concentrations of pesticides into surface waters in prairie agricultural regions. We estimated that 62% of the pesticides mobilized into surface waters by the Vanguard storm were retained on the landscape and that 38% were discharged to Notukeu Creek. These low-relief landscapes have a huge capacity to retain contaminated storm waters. Consequently, wildlife habitat (wetlands) and drinking-water supplies provided by wells and small municipal reservoirs may be compromised by agricultural contaminants.
